The lower critical solution temperature (LCST) of elastin-like polypeptides (ELPs) was investigated as a function of ELP chain length and guest residue chemistry. These measurements were made in both D 2 O and H 2 O. Differences in the LCST values with heavy and light water were correlated with secondary structure formation of the polypeptide chains. Such structural information was obtained by circular dichroism and infrared measurements. Additional thermodynamic data were obtained by differential scanning calorimetry. It was found that there is a greater change in the LCST value between H 2 O and D 2 O for those polypeptides which form the greatest amount of -turn/ -aggregate structure. Moreover, these same molecules were the least hydrophobic ELPs. Therefore, hydrogen bonding rather than hydrophobicity was the key factor in the stabilization of the collapsed state of ELPs in D 2 O compared with H 2 O.
Introduction
Understanding protein stability and folding is of central importance in chemistry, biology, and medicine. Solvent isotope effects have provided important clues about the stability of various structural units found in folded proteins. Specifically, previous studies comparing protein stability in D 2 O vs H 2 O have shown that the folded state is often, but not always, stabilized in D 2 O.
1-5 For example, proteins possessing mostly -type structures are preferentially stabilized in D 2 O, while R-helical structures show the opposite trend.
6-8 These observations are usually attributed to one of two effects: (1) D 2 O may modulate hydrophobic interactions in proteins or (2) D 2 O may selectively stabilize/destabilize inter-and/or intramolecular hydrogen bonds that are more prevalent in the folded state of proteins. [9] [10] [11] [12] [13] [14] [15] [16] [17] To access the relative influences of hydrogen bonding and hydrophobic interactions on -structure formation, one must be able to parse their contributions separately. Unfortunately, due to the inherent complexity of proteins, systematically altering global hydrophobicity through mutagenesis without changing protein structure is an extraordinarily difficult task. 18 This task can be made easier, however, by employing a biopolymer rather than a fully structured protein. With this rationale in mind, we have chosen to investigate elastin-like polypeptides (ELPs) to elucidate the relative contribution of hydrogen bonding and hydrophobic interactions to -structure formation. ELPs consist of the pentapeptide repeat unit Val-Pro-Gly-Xaa-Gly, where Xaa can be any residue except proline. ELPs are highly soluble in aqueous solution, but upon raising the temperature, they undergo hydrophobic collapse accompanied by an increase in secondary/ tertiary structure formation much like folded proteins. [19] [20] [21] [22] [23] [24] [25] The temperature at which this transition occurs is referred to as the lower critical solution temperature (LCST). 26 The hydrophobicity of ELPs can be systematically tuned by simply replacing the guest residues with more or less hydrophobic amino acids or by changing the chain length of an otherwise identical sequence. 33, 34 As such, we have compared the LCST of ELPs of different amino acid compositions and chain lengths in H 2 O and D 2 O. The five ELPs employed in this study were V 5 -120, QV 6 -112, V 5 A 2 G 3 -330, V 5 A 2 G 3 -120, and V 5 A 2 G 3 -60. ELP V 5 -120 contains valine residues in all the guest sites and therefore consists of 120 repeats of VPGVG for a total of 600 residues. By contrast, ELP V 5 A 2 G 3 -60 contains 300 total residues whereby valine, alanine, and glycine are present in the X position in a 5:2:3 ratio. ELP QV 6 -112 contains 560 residues in which glutamine and valine are present in a 1:6 ratio.
Although the structure of the collapsed state of ELPs has not been completely determined, it is believed to involve type II -turn formation which consists of hydrogen bonds formed between the first and fourth residues in the pentapeptide repeats. 24, 25, 35 Some reports have suggested that -spiral, -aggregate, or distorted -sheet structures may also be present under some conditions. 34, [36] [37] [38] [39] [40] More significantly, as we will show, all five of the ELPs studied herein possess the same structural motifs in both the collapsed and uncollapsed states. The relative amounts of these structural motifs, however, change as a function of the hydrophobicity of the individual ELPs. These changes provide key evidence about the stabilization mechanism of ELPs in D 2 O.
Herein, the mechanism for the stabilization of the hydrophobic collapse of five ELPs in D 2 O was investigated by four complementary techniques. Phase transition measurements revealed an inverse correlation between the change in the LCST value and the hydrophobicity of the ELPs. Since increasing hydrophobicity did not increase the collapsed state's stability in D 2 O, it was hypothesized that hydrogen bonding and structure formation would instead be the dominant factors. Therefore, secondary structure determination of the five ELPs was carried out using circular dichroism (CD) spectroscopy just below the phase transition temperature. It was found that there is less random coil and more -turn structure in shorter chain length macromolecules as well as those that contained fewer hydrophobic residues. Moreover, amide I band Fourier transform infrared (FTIR) spectroscopy measurements showed the trends observed in CD spectroscopy carried over to the collapsed state of the polypeptides. In fact, a direct correlation between the amount of -turn structure found by FTIR measurements and the difference in the LCST between D 2 O and H 2 O (the ∆LCST value) was observed. Finally, differential scanning calorimetry (DSC) was used to probe the relationship between enthalpic changes upon hydrophobic collapse and secondary structure formation. Again, a strong direct correlation was observed. These results suggested that hydrogen bonding related to structure formation rather than hydrophobicity was the key factor in the stabilization of the folded state of ELPs in D 2 O vs H 2 O (Figure 1 ).
Materials and Methods

ELP Preparation and LCST Measurements.
The pET plasmids of five ELPs were constructed by the recursive directional ligation method. 33 The plasmids were expressed in BLR/DE3 Escherichia coli in TB dry medium with the addition of ampicillin. 26 The cells were expressed for 24 h at 37°C and then lysed by sonication. Purification of the ELPs was accomplished via inverse phase transition cycling. After three cycles, the samples were dialyzed against purified water (NANOpure Ultrapure Water System, Barnstead, Dubuque, IA) with a minimum resistivity of 18 MΩ · cm to remove residual salts. A sodium dodecyl sulfatepolyacrylamide gel was used to verify the purity of the final ELP product. The polypeptide concentration was determined by UV absorbance measurements with an extinction coefficient of 5690 M -1 cm -1 at 280 nm. The samples were lyophilized and stored at -80°C until use.
Purified water was employed for all thermodynamic and spectroscopic experiments performed in H 2 O. On the other hand, D 2 O from Cambridge Isotope Laboratories, Inc. (>99.9% purity) was used for all analogous experiments in heavy water, and these solutions were not further purified. ELP solutions were prepared in their respective solvents without additional salt at a polypeptide concentration of 6.4 mg/mL. The LCST values of the ELP solutions were measured with a temperature gradient microfluidic platform placed under a dark field microscope as previously described. [41] [42] [43] [44] [45] Circular Dichroism. CD measurements were taken with an AVIV 62DS spectropolarimeter using a NesLab Coolflow CFT-33 refrigerated circulator. The conversion of the CD signal, which is the difference in absorption minus the background, ∆m°, to mean residue ellipticity, [θ] obsd was done using the following equation: [θ] obsd ) 100∆m°C nl
where C is the polypeptide concentration (mM), n is the number of residues in the polypeptide, and l is the path length (cm). 46 It should be noted that [θ] obsd has units of (deg · cm 2 )/dmol. CD spectra were taken every 1 nm between 185 and 240 nm with 20 s averaging times. Samples were degassed prior to each measurement and placed in a cuvette with a 1 mm path length. Random coil and -turn structures were confirmed by monitoring the ellipticity near 198 and 210 nm, respectively, in both D 2 O, and H 2 O solutions.
Amide I Band ATR/FTIR Measurements. Infrared spectra were taken with a Nicolet 470 FTIR spectrometer equipped with a liquid nitrogen cooled MCT detector (Thermo Electron Corp., Madison, WI) and a Pike Miracle attenuated total reflection (ATR) setup with a ZnSe (single bounce) crystal (Pike Technologies, Madison WI). The temperature of the sample stage was controlled with a circulation bath for measurements above the phase transition temperature of the ELP samples. To initiate data collection, a 20 µL ELP solution was placed in a Teflon well on top of the ZnSe crystal, and the cloudiness of the sample solution was monitored to ensure the phase transition had occurred. Spectra were constructed from 256 scans at 2 cm -1 resolution over a range from 4000 to 400 cm -1
. Background spectra were taken immediately before the samples were probed and subtracted automatically from the sample data. For each ELP sample, a corresponding spectrum from a pure D 2 O solution was also obtained and then subtracted from the first spectrum. Baseline correction was carried out in Matlab (Mathworks, Natick, MA) by subtracting polynomials to flatten the baseline around the amide peaks. Spectral fitting was also carried out in Matlab with frequencies restricted to a 10 cm -1 window, but with unrestricted line widths. The spectral fits were obtained by minimization of the least error sum. DSC Measurements. Differential scanning calorimetry measurements were made with a VP-DSC microcalorimeter (Microcal, LLC) at a temperature ramping rate of 0.5°C/min. All five ELPs were measured in D 2 O and H 2 O. These solutions were passed through a 0.2 µm pore size syringe filter followed by degassing for 10 min prior to use. Pure H 2 O and D 2 O were used as reference solutions. Aliquots of 500 µL of degassed sample and reference solutions were loaded into the sample holder with a syringe. Samples were cooled to 15°C and held there for 30 min before the beginning of each scan. Data points were taken up to 15°C above the phase transition temperature of the respective samples. Baseline correction was done in Origin 7J (OriginLab, Northampton, MA). Curve fitting was carried out in Origin 7J with an exponentially modified Gaussian function. The quality of the fits was judged by the least error sum method. It should be noted that the LCST of poly(N-isopropylacrylamide) (PNIPAM), another thermoresponsive polymer, is higher in D 2 O than that in H 2 O. 47 As PNIPAM undergoes entropically driven hydrophobic collapse in a manner similar to that of ELPs, 48 it is at least feasible that this difference arises primarily due to the lack of structure in PNIPAM molecules relative to ELPs. While ELPs and most structured proteins contain approximately 60% intra-and/or intermolecular hydrogen bonds in the collapsed state, 49,50 PNIPAM only contains ∼10% hydrogen bonds. 51 Therefore, we performed circular dichroism and infrared spectroscopy measurements to probe the differences in the amount of structure formed for each of the five ELPs to determine whether there was a trend.
Results
LCST Values for ELPs in
Secondary Structure of ELPs Probed by CD. Circular dichroism was employed to determine whether less hydrophobic and shorter ELPs (i.e., V 5 A 2 G 3 -60) possessed greater amounts of secondary structure relative to more hydrophobic macromolecules (i.e., V 5 -120) just below their respective phase transition temperatures. Specifically, all five ELPs were compared in H 2 O 5°C below their individual LCST values, and the data are shown in Figure 2 . As can be seen, all five spectra showed clear evidence for two main features, a negative band at ∼198 nm and a positive band at ∼212 nm. According to accepted literature assignments, 34 ,52-54 the former is most likely due to a random coil conformation, while the latter should arise from a type II -turn structure. An alternative assignment of both peaks to polyproline II structure is also technically possible. [38] [39] [40] 55 This assignment could be ruled out by raising the temperature of the solution, which causes the 198 nm band to decrease and the 212 nm band to increase (see the Supporting Information). Therefore, the two bands were almost certainly not from the same structural component. 38, 39 Moreover, increasing the temperature of an ELP solution near the LCST should induce more -turn structure formation 34, 36, 53, 54, 56, 57 while reducing random coil formation, which is consistent with our measurements. Finally, it can be clearly seen that the more hydrophobic ELPs showed less structure. This was evidenced by the greater dip near 198 nm as well as the smaller peak near 212 nm for these ELPs. The ordering of the peaks followed the same ordering of the ∆LCST values in Table 1 . Moreover, the amplitude of the 198 nm peak showed a linear relationship to the ∆LCST values (Figure 3 ). This means that those ELPs which contained more random coil structure showed a smaller difference in stability in H 2 O vs D 2 O.
ATR/FTIR Measurements of the Collapsed State of ELPs.
Amide I band ATR/FTIR studies were performed to investigate structural differences in ELPs of increasing hydrophobicity in the collapsed state. Unlike CD, FTIR spectroscopy is particularly useful for probing the collapsed state of the biopolymers since light scattering is not nearly as problematic at IR wavelengths. FTIR spectra were collected from all five ELPs above their LCSTs (70°C) with a 6.4 mg/mL concentration of the polypeptides. The amide I band region in the IR spectra from the five ELPs is shown in Figure 4 . The spectra fit extremely well to three Gaussian peaks. These resonances were centered near 1619, 1644, and 1663 cm -1 . As can be seen from the fitting, the highest and lowest frequency data (fit with blue curves) moved in concert. When their combined intensity was high, the central peak (fit with a green curve) was correspondingly low and vice versa.
Several laboratories have assigned the amide I peaks for ELPs. 37, 54, 58 On the basis of these references, the peaks near 1619 and 1663 cm -1 most likely arise from -turn and -aggregate structure. On the other hand, the resonance near 1644 cm -1 can be assigned to random coil and perhaps some distorted -sheet structure. Therefore, it appears that the satellite peaks represent better ordering in the collapsed state, while greater intensity in the central peak is associated with less secondary structure. This notion is consistent with the CD data, in which the most hydrophobic polypeptides showed the most random coil structure. Indeed, the amount of random coil structure preserved upon collapse should probably reflect the amount that was initially present in the uncollapsed state for these intrinsically disordered macromolecules.
Significantly, all five ELPs gave rise to identical spectroscopic features in both the CD and infrared spectra. Therefore, it appears that altering the identity of the guest residues and the chain length of the macromolecules had only limited influence on the types of structural motifs found for these five ELPs. The relative ratios for these two types of structures, however, do vary significantly with the hydrophobicity of the biomacromolecules. This idea can be quantified by calculating the sum of the area under the 1619 and 1663 cm -1 peaks and dividing it by the area under the 1644 cm
peak. This ratio is plotted against ∆LCST for all five ELPs in Figure 5 . Strikingly, there is a direct correlation between the difference in the LCST value of a given ELP in H 2 O vs D 2 O and the value of the infrared data ratio. Therefore, the relative quantity of -turn/ -aggregate structure can be directly linked to the stabilization of the collapsed state of a given ELP in D 2 O. Figure 6 , and the data for the other four ELPs are provided in the Supporting Information. As can be seen, the thermograms have an asymmetric line shape. This arises because the LCST is followed immediately by the formation of a coacervate, which is denoted as an aqueous two-phase system (ATPS). 45, 59 The areas under the curves represent the change in enthalpy for the entire phase transition process (LCST + ATPS). The thermodynamic values for the total enthalpic change upon hydrophobic collapse and ATPS formation are listed in Table 2 . Additionally, the value for PNIPAM is also provided as a comparison, although this macromolecule does not undergo ATPS formation. As can be seen, the phase transition for the ELPs and PNIPAM was endothermic in all cases in both solvents. Moreover, the change in enthalpy was always greater in D 2 O. This unfavorable enthalpic change upon going from H 2 O to D 2 O was smallest for the shortest and least hydrophobic ELPs and directly correlated with the ∆LCST value for all five ELPs (Figure 7) . Therefore, the differences in enthalpy gain can also be directly correlated with -turn/ -aggregate formation determined by FTIR (Figures 4 and 5) . This means that the thermodynamics of the phase transition are directly correlated with the spectroscopic data.
Calorimetry Measurements for ELP
Discussion
Two of the most widely studied systems which display lower critical solution temperature behavior are ELPs and PNIPAM. The driving force for the phase transition of these systems is generally believed to involve the liberation of bound water molecules into the surrounding solution. As such, the free energy of the transition is expected to be negative in both cases on entropic grounds. 51, 60, 61 Nevertheless, there should be a critical difference between these systems. As shown in Table 2 and Figure 7 , the enthalpic cost of undergoing the hydrophobic collapse for ELPs increased as the hydrophobicity increased. Moreover, ∆∆H DH was largest for the most hydrophobic ELPs. Therefore, the free energy gain was smallest for the most hydrophobic molecules. This manifested itself as smaller ∆LCST values for the most hydrophobic polypeptides.
As noted above and in contrast with ELPs, ∆LCST is actually negative for PNIPAM. Specifically, the phase transition temperature is about 1°C higher for PNIPAM in D 2 O than in H 2 O. 47 Moreover, the enthalpic cost for undergoing the inverse phase transition in D 2 O vs H 2 O is very large in PNIPAM compared with ELPs (Table 2 ). This fact is particularly noteworthy as PNIPAM remains unstructured with minimal additional hydrogen bonding upon hydrophobic collapse.
47,48,51,62 Moreover, one might have otherwise expected PNIPAM to have had a smaller overall enthalpic change for its phase transition than ELPs as there is no ATPS to make contributions in addition to the LCST. These facts provide important corroborating evidence for the hypothesis that it is the more extensive hydrogen bonding found in the least hydrophobic ELPs which is directly responsible for their smaller enthalpic cost of undergoing the phase transition. As such, -turn/ -aggregate formation can be correlated with the lowering of the LCST in D 2 O and, hence, the stability of the collapsed state in heavy water (Figures 2-5) .
The methods employed herein for understanding the relative importance of hydrogen bond formation vs hydrophobicity in stabilizing the collapsed structure of ELPs should be quite general. In the present case, the systems that were investigated contained mostly uncharged and nonpolar side chains. In fact, the only charged residues in these biomacromolecules came from the ends of the polymer chains and accounted for no more than 1% of the residues in all cases. 63 Even QV 6 -112 contained only 1 polar residue for every 35-residue sequence. On the other hand, most structured proteins contain numerous positively charged, negatively charged, and polar residues. ELPs could be employed to address questions concerning the role that D 2 O plays in stabilizing or destabilizing structure formation in those cases. For example, ELP constructs containing D, E, K, or R guest residues could be tested to probe the individual roles that specific charges play in stabilizing or destabilizing proteins in heavy water. Alternatively, the number of polar residues, such as Q, could be systematically increased to determine whether a sufficient percentage of them would create a discernible effect. It is the flexibility of the guest residue sites in ELPs that makes them ideal substrates for such investigations. 
